ABSTRACT The greenhead horse ßy, Tabanus nigrovittatus Macquart (Diptera: Tabanidae), is frequently found in coastal marshes of the Eastern United States. The females are autogenous (i.e., able to develop eggs without a bloodmeal), but they become a considerable pest to both humans and animals when they pursue a source of blood protein to produce additional eggs. In this study, we identiÞed microsatellite markers to provide Þrst insight into the population genetic structure of this notorious pest species. Because no prior genomic information was available for T. nigrovittatus, we used direct shotgun pyrosequencing technology to characterize microsatellite loci. Approximately 10% of the 105,634 short sequence reads generated from random genome sampling contained microsatellites with at least four repeats of di-, tri-, tetra-, penta-, and hexamers. Primers were designed for 36 different microsatellite loci with di-, tri-, and tetramer repeat units. After optimization, 20 primer pairs yielded consistent PCR products and were validated for population genetic application in six populations in Western Louisiana. Ten loci were polymorphic with 2Ð9 alleles per locus and an average observed heterozygosity of 0.20 across populations. The horse ßy populations from different trap sites (distance 50 Ð144 km) or years of collection (2010 vs 2011) were genetically distinct from each other (F ST ϭ 0.05Ð 0.39) and genetically diverse (gene diversity: 0.24 Ð 0.37) but considerably inbred (F IS : 0.22Ð 0.47), with high mean relatedness among individuals (r ϭ 0.27), suggesting the capture of a high percentage of sisters at the same trap location who were progeny of incest.
The family Tabanidae has Ͼ4,000 described species worldwide. The greenhead horse ßy, Tabanus nigrovittatus Macquart (Diptera: Tabanidae), is a notorious pest of man and animals in the coastal areas along the Atlantic Ocean and the Gulf of Mexico. In fact, there have been large scale control programs using box traps to capture adult females along the eastern seaboard (Wall and Doane 1980) . Different tabanid species occupy a variety of different habitats as larvae and adults (Foil and Hogsette 1994) . The larvae of T. nigrovittatus develop as apex predators in salt marsh sod in habitats that range from the Texas coast to Nova Scotia, and the mobile females attack vertebrates in areas within and contiguous to tidal marshes. Females of T. nigrovittatus are known to be autogenous (i.e., they are able to develop eggs without a bloodmeal), and it is presumed that the pursuit of a bloodmeal is for the support of a second clutch of eggs (Magnarelli and Stoffolano 1980) . The goal of this study was to isolate and characterize genetic markers that would provide a future comprehensive view of the population genetics of horse ßies inhabiting coastal marshes. Microsatellites are currently recognized as the most powerful genetic markers for a diversity of population ecology and evolutionary genetic applications. Their high mutation rate and Mendelian mode of inheritance makes them especially useful for the study of both Þne-and largescale population genetic structure, such as genetic diversity, degree of inbreeding of populations, detection of bottleneck effects, gene ßow, and migration rates, as well as for assignment to populations of origin and parental lineages (Goldstein and Schlö tterer 1999) .
Because no prior genome information was available for T. nigrovittatus, we used state-of-the-art next generation sequencing technology (Metzker 2010) . To develop microsatellites and provide Þrst insight into the population genetic structure of the greenhead horse ßy we 1) performed "shotgun" sequencing of the T. nigrovittatus genome and developed primers for microsatellite loci, 2) measured polymorphism (allele numbers, heterozygosity) of each microsatellite locus, and 3) determined genetic diversity and inbreeding of six T. nigrovittatus populations.
Materials and Methods

T. nigrovittatus Collections.
Horse ßies were collected in June 2010 and again in June 2011 from three locations in the marshland along the coast of western Louisiana: Ship Channel (Cameron Parish), Rockefeller Wildlife Refuge (at the border of Cameron and Vermillion Parish), and Cypremort Point (St. Mary Parish). These locations were separated by 50 Ð144 km (Fig. 1 ). Tabanids were captured with canopy traps baited with dry ice (Hribar et al. 1991) . The trapping period was Ϸ2 h at each site at each location. The captured ßies were transferred on dry ice and stored at Ϫ80ЊC until DNA extraction. Voucher specimens were deposited in the Louisiana State Arthropod Museum at the Department of Entomology of the Louisiana State University Agricultural Center.
Microsatellite Development. DNA was extracted from legs and thoraces of two T. nigrovittatus individuals from Ship Channel collected in 2010 (Qiagen DNEasy Tissue Kit, Valencia, CA). Heads and abdomens were not used for DNA extraction to avoid interference with PCR reactions by eye pigments, gland contents, as well as contaminations by recent bloodmeals, spermatheca contents, egg masses, or all of these. To test microsatellite loci for their usefulness in population genetic analyses, DNA was also extracted from the thoraces of up to 30 individual horse ßies from the six sample groups described above.
DNA quantity and quality was determined with a ND-1000 Spectrophotometer (NanoDrop Technologies, Inc. Wilmington, DE). Each ßy thorax yielded 3Ð57 g of DNA. A total of 14 g of puriÞed DNA extracted from two individuals was sequenced on oneeighth of a Pico Titer Plate using the 454 FLX-XLR Titanium chemistry (Allentoft et al. 2009 , Castoe et al. 2010 by the University of Pennsylvania School of Medicine (protocols at: www.med.upenn.edu/genetics/ dnaseq/454sequencer.shtml). The standard ßowgram format (SFF) Þle containing all sequence reads was provided by the University of Pennsylvania School of Medicine and submitted to the NCBI Sequence Read Archive (http://www.ncbi.nlm.nih.gov/sra) as run SRR976966 under experiment SRX348809: T. nigrovittatus partial genome for microsatellite screening.
Microsatellites with at least four repeats were detected using MSATCOMMANDER (Faircloth 2008) . Similar sequences (Ͼ95%) containing microsatellites were detected using the BLAST algorithm and were combined into consensus sequences (Lepais and Bacles 2011) . Primer pairs were designed for 36 unique loci that contained at least four tandem repeats of di-, tri-, and tetramer units to yield an estimated product size from 103 to 242 bp using the Primer3Plus software (available at SourceForge.net). Primers were designed using the default parameters of the software, i.e., length of expected ampliÞcation product at least 100 bp, primer length 18 Ð27 bp, annealing temperature 58 Ð 63ЊC, and GC content 20 Ð 80%. The primer pairs were synthesized by EuroÞns MWG Operon (Huntsville, AL) with the forward primer end-labeled with a M13 forward tail (Oetting et al. 1995) to allow laser detection of the PCR products on a LICOR 4300 DNA Analyzer (Li-Cor Inc., Lincoln, NE).
Initially, gradient PCR reactions were run for each primer pair using DNA from at least Þve individual horse ßies (PTC-200 thermal cycler, MJ Research Inc., Littletown, MA) to try different annealing temperatures (ranging from 53 to 60ЊC) and MgCl 2 concentrations (1.5Ð2.5 mM). Of the 36 primer pairs, 20 yielded products that could be reliably scored and were repeatable (GenBank JN547239 ÐJN547258, Table 1). After optimization, the PCR reaction mixes contained 20 ng of template DNA, 1 l of NH 4 PCR buffer (10 mM TrisÐHCl, 50 mM KCl, and 0.1% TritonX-100), 2.0 mM of MgCl 2 , 0.2 g/l of BSA, 0.8 l (2.5 mM each) of dNTPs, 0.32 l (32 pmol) of M13 F-29-IRD700 or 800 primer, 0.4 U of TaqDNA polymerase (Bioline USA Inc., Taunton, MA), 2.0 pmol of each primer (Table 1) , and Millipore water for a total reaction volume of 10 l. The PCR program consisted of initial denaturation at 95ЊC (3 min) and then 35 cycles at 95ЊC (30 s), 55 or 58ЊC (30 s) depending on the locus (Table 1) and 72ЊC (30 s), with a Þnal extension of 72ЊC (3 min). After adding 5 l of Blue Stop dye solution, the ampliÞed DNA was denatured at 95ЊC for 5 min, subsequently loaded onto a 6.5% 1 ϫ TBE polyacrylamide gel, and run in a Li-Cor 4300 automated DNA analyzer with size standard IRDyes of 50 Ð350 bp (Li-Cor Inc., Lincoln, NE). Microsatellite allele sizes were scored using the GeneProÞler software (Scanalytics, Inc., Fairfax, VA).
Statistical Analysis. At least 20 but in most cases up to 30 individual ßies from each of the six sample groups (three locations, two consecutive years) were genotyped at the 20 loci that consistently yielded scorable products. To determine the number of populations in the data set, sample groups were tested for signiÞcant genotypic differentiation using log-likelihood G-Statistics (FSTAT, Goudet 2001) . P values were obtained through permutations of the multilocus genotypes between each pair of samples, and standard Bonferroni corrections were applied. Each polymorphic locus was checked for the possible occurrence of null alleles, stutters, and large allele drop-outs in each of the populations using the software MICROCHECKER (Van Oosterhout et al. 2004 ) selecting 1,000 bootstraps and To test for signiÞcance of association between genotypes of all pairs of polymorphic loci, randomized datasets (1,000 permutations) were created using FSTAT. Genotypes at each pair of loci were combined at random and log-likelihood ratio G-statistics were calculated for each randomized data set. The value of P was estimated from the proportion of permutations that were greater or the same as the observed. Genetic diversity of each population at each locus was calculated using the sample-size independent rarefaction analysis of allelic richness as implemented in the FSTAT software package (Goudet 2001) . Observed and expected heterozygosity and number of private alleles were calculated for each locus in each population using the program GDA (Lewis and Zaykin 2000) .
To analyze the population genetic structure and inbreeding at the levels of the individuals and populations, F-statistics were calculated using the methods of Weir and Cockerham (1984) as implemented in FSTAT with F IT representing the standard coefÞcient of individuals relative to the total metapopulation, F IS representing inbreeding in individuals relative to the population, and F ST representing the genetic differentiation among populations. Standard errors (SE) were calculated by jackkniÞng over loci. Tests for deviation from HardyÐWeinberg equilibrium (HWE) for each locus and population based on randomizing alleles within sample populations and calculating F IS were performed with FSTAT (6,000 randomizations, Goudet 2001) . Descriptive statistics and nonparametric tests (MannÐWhitney U, Wilcoxon signed ranks) were performed with SalStat Statistics freeware (www.salstat.com).
Results and Discussion
The raw sequences (NCBI SRA Accession number: SRR976966) consisted of 105,634 reads with a total of 71.5 Mbp and a GC content of 40.7% and represent the partial genome of T. nigrovittatus. Approximately 10% (11,018) of the reads contained microsatellites with at least four repeats. Of those, 1,223 were dinucleotides, 5,023 were trinucleotides, 3,805 were tetranucleotides, 789 were pentanucleotides, and 178 were hexanucleotides.
Of the 36 originally tested microsatellite loci that had 4 to up to 12 perfect repeats of di-, tri-, or tetramers (GenBank: JN547239 ÐJN547258), 20 ampliÞed consistently, and results were repeatable. Most loci contained pure microsatellites: two had tetramer repeat units, four had trimers, and three had dimers. One locus consisted of a complex of di-and tetra repeat units (Table 1) .
Eleven of the twenty microsatellite loci were polymorphic, with up to seven alleles observed per population and up to nine alleles across all six populations (Table 1) . However, locus 7FA showed only homozygotes (genotypes 226/226 and 236/236). The lack of a heterozygote combination of the alleles raised doubts that this locus behaved in a Mendelian fashion and therefore it was excluded from further analysis. Only 2 of the 45 pairs of the remaining 10 polymorphic loci showed signiÞcant linkage (BA9 ϫ H82, VDT ϫ YN9, P Ͼ 0.000111, which is the adjusted P value for 5% Sample size for all loci ranged from 20 to 30 individuals per population. T A : annealing temp used in PCR protocols; N A : number of alleles per locus and population; N A total: number of alleles across all six populations in the dataset; Gdiv: gene diversity; SD: standard deviation; F IS : coefÞcient of inbreeding within sample populations; Ho: observed heterozygosity; He: expected heterozygosity; HWE: HardyÐWeinberg equilibrium.
a Locus was excluded from further analysis because it did not conÞrm to Mendelian laws (showed only homozygotes).
nominal level). Thus, the majority of polymorphic microsatellite loci assorted independently.
Tests for signiÞcant shortage of heterozygotes with alleles of one repeat unit difference indicated possible stutter at loci X18 in two populations, and loci BA9, 2Y8, and VDT in only one population. The remaining 10 loci showed no sign of stutter. After carefully reexamining the gel images, we decided that the bands were reliably scored and not being able to Þnd "shadow bands," we included the four loci in the analyses.
Possible null alleles were detected by MICRO-CHECKER software for several loci in some of the populations. However, only two loci (X18 and ZY8) showed possible null alleles with a frequency ranging from 0.04 to 0.30 in the majority of populations. The remaining loci showed no indication for null alleles or low frequencies (Ͻ0.15) in one of the populations.
Permutation tests of the distribution of genotypes between pairs of horse ßy sample groups showed signiÞcant differentiation at the 5% nominal level between the three sampling locations and between the years of collection (2010 vs 2011) . In addition, each population contained at least one (populations: CP2010 and 2011, and RPR2010) or two (SC2010 and 2011, and RPR2011) private alleles occurring at Ͼ5% frequency separating that population from all the others. Thus, the dataset contained six independent sample populations. Both NeiÕs identity (0.76 Ð 0.98, Nei 1978) and F ST (0.05Ð 0.39) indicate varying genetic distance among the populations across locations and year of collection. Populations collected in the same year from different locations (mean pairwise F ST ϭ 0.15, SD ϭ 0.13) were not signiÞcantly more similar or different from each other than those collected from the same location in consecutive years (mean pairwise F ST ϭ 0.20, SD ϭ 0.08; Z ϭ 0.77, P Ͼ 0.20, two-tailed MannÐWhitney U test). This turnover in populations inhabiting the same location over the years is likely because of the exceptional mobility of horse ßies (Foil et al. 1989) . Mean observed heterozygosity for all loci across all populations was 0.20 (SD ϭ 0.10), which was marginally lower than the expected heterozygosity (0.29, SD ϭ 0.17, P ϭ 0.052, Z ϭ 1.63, two-tailed MannÐWhitney U test). Gene diversity was moderate (2.93, SD ϭ 1.36, data per locus see Table 1 ).
The inbreeding level in the total metapopulation (F IT ) was considerably high (0.48, SE ϭ 0.09) because of both inbreeding within subpopulations (F IS ϭ 0.35, SE ϭ 0.11, range 0.17Ð 0.38) and a moderate differentiation among sub-populations (F ST ϭ 0.20, SE ϭ 0.09). In all populations, F IS was marginally (0.05 Ͻ P Ͻ 0.07: SC2010 and 2011, CP2010) or signiÞcantly (P Ͻ 0.05: CP2011, RPR2010 and 2011) larger than zero (onetailed t-test). Relatedness was 0.27 (SE ϭ 0.12). The high levels of inbreeding within all sample populations (F IS ϭ 0.35) and homozygosity (overall H o ϭ 0.20) already indicated that the majority of loci were not in the HWE in most of the populations. Randomizing alleles within samples and testing for HWE within populations based on F IS showed that there is significant deviation from HWE over all loci. This deviation is mainly based on the most polymorphic loci (Table  1 ). All loci not deviating from HWE were monomorphic in at least one and up to four populations; i.e., suffer from reduced statistical power to detect deviation as a result of reduced sample size.
The high level of relatedness within sample populations is likely because of the emergence of cohorts of siblings originating from the same female. Consequently, inbreeding arises from brotherÐsister mating. Female T. nigrovittatus lay their Þrst clutch of eggs in one multilayered mass of Ϸ200 eggs on marsh vegetation. The larvae hatch and fall to the salt marsh sod surface where they develop for 3Ð9 mo as predators and cannibals (Magnarelli and Stoffolano 1980) . Because the females of T. nigrovittatus are autogenous, there would be no reason to leave the larval habitats before mating and laying the Þrst clutch of eggs. Similarly, it is unlikely that the males disperse from their site of development. The males are known to hover in small groups over dense marsh at the appropriate time and height after emergence rather than form mating swarms like some other Tabanid species (Bailey 1947) . Therefore, it is probable that a large majority of the males and females emerging as adults in speciÞc sites would be brothers and sisters. Subsequent to mating and oviposition, the females disperse in the pursuit of a vertebrate bloodmeal; if this pursuit is successful, the second progeny would develop in sites well removed from the emergence site of their mother. There can be two generations of T. nigrovittatus per year and philopatry and inbreeding might alternate with dispersal and outbreeding. The microsatellites developed in this study could be used in the future to investigate the obviously peculiar mating and dispersal strategy of T. nigrovittatus in more detail, to determine how the population genetic structure of a species with an autogenous life cycle compares with the population structure of closely related anautogenous species, and to quantify changes in effective population sizes induced by environmental changes in tidal marshes such as habitat loss or environmental insults or remediation efforts.
